Superconducting-coil-resistor circuit with electric field quadratic in the current 
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It is shown for the first time that the observed [Phys. Lett. A 162, 105 (1992)] potential 
difference <t> t between the resistor and the screen surrounding the circuit is caused by polarization 
of the resistor because of the kinetic energy of the electrons of the superconducting coil. 
The proportionality of <J> t to the square of the current and to the length of the superconducting 
wire is explained. It is pointed out that measuring <J> t makes it possible to determine the 
Fermi quasimomentum of the electrons of a metal resistor. 



Edwards et al. 1 - 2 observed the appearance of an electric po- 
tential that was quadratic in the current / on a resistor that 
formed a closed circuit with a superconducting coil relative 
to a grounded screen (see Fig. 1). They showed experimen- 
tally that the potential difference between the center of the 
resistor R and the screen satisfies 4> t °< bl 2 , where b is the 
length of the superconducting wire. The value of 4> t is virtu- 
ally independent of the configuration inductance of the coil, 
L Q pa 800 /xH, which is minimized by bifilar winding. When 
the current is / = 16 A and b ps 700 m, for R = 82 /x£2, a 
typical value is <f> t ps 5 mV. The time constant of the circuit 
is T = L c /R ps 10 sec. A superconducting wire (NbTi, pure 
Nb, and also Pb) with a diameter of 2a ps 127 jj.m was cov- 
ered with a copper layer (thickness 19 jam) whose resistance 
was much greater than R. The coil and the resistor were im- 
mersed in liquid helium; the signal wire of the electrometer V 
was connected to the center of the resistor. The resistor and 
the electrostatic screen were made from brass. 

In principle, a steady-state electric field quadratic in current 
appears along a rectilinear superconductor of finite length. 3 
However, for a closed circuit, it is necessary to take into ac- 
count the retardation of fields 4 from charges moving with ac- 
celeration because of the rotation of their current velocity vec- 
tor this was neglected in Ref. 5. When a consistent treat- 
ment is used, it is found that there is no electric field around 
a superconducting circuit with a steady-state current.— At the 
same time, it is shown in Ref. 7 that, if the ratio of the dis- 
tance between the "superconducting" electrons to the distance 
between the atomic residues (the ions) is assumed to be equal 
to yl — j3 2 , where j3 is the ratio of the current velocity of 
the electrons to the velocity of light, the total electric field is 
proportional to j3 2 even when it is averaged over a sphere sur- 
rounding a circuit with a current. However, this assumption 
has not been proven 

The appearance of an electric field proportional to I 2 can 
also be caused by the accelerated motion of charges in the 
curvilinear section of a conductor, 1 1 by the redistribution un- 
der the action of the intrinsic magnetic field of the electric 
charge density (the radial Hall effect) 12 ' 13 or of the current in 
an electrically neutral metal medium (the pinch effect)^ 4 - as 



well as by the difference of the cross-sectional area of different 
sections of a conductor (the Bernoulli effect) . 13 ' 15 However, 
quantitative estimates do not allow Edwards et al.'s results to 
be regarded as a manifestation of these effects (see also Refs.Q 
and0). This served as the basis for the discussion of Refsl7HlC 
on the relativistic invariance of the equations that describe the 
total charge of a closed system with a current. (In the recent 
"optical" experiment of Ref. [T^, the Lorentz transformations 
were confirmed with an accuracy of7xl0~ 5 .) 

The goal of this paper is to interpret the experiments of Ed- 
wards et al^ 

We start from the fact that the total energy of a supercon- 
ducting coil with current / is the sum of the magnetic-field 
energy LJ 2 /2 and the kinetic energy K of the directed motion 
of the electrons. For a coil wound with wire 2a in diameter 
and b in length, the kinetic energy of the electrons isii 



K = 



L k I 2 
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where L k is the kinetic inductance, A <C a is the London 
current-excitation depth in the wire, and /Xo is the permeability 
of free space. 

Under the conditions of Edwards et a/.'s experiment, the 
total inductance of the coil is L t = L c + L k pa L c . 

After the resistor is added to the superconducting circuit, 
the current damps out and an induction electric field appears, 
aligned with the current. The induction potential difference at 
the ends of the resistor is t/j ps — L c dl/dt = IR; the potential of 
the center of the resistor is <!>; = Ui/2 (here and below, relative 
to an infinitely remote point, where the potential is set equal 
to zero). A potential <t> n , proportional to the current in the 
coil, appears at the point where the electrometer is grounded, 
as a consequence of the mutual inductance of the circuit and 
the screen. It is clear that 4> n has different magnitudes (and 
signs) at different sections of the screen because of the vortex 
character of the currents I n . 

At the initial instant when the resistor is connected into 
the superconducting circuit, all of its N conduction electrons 
are displaced by the mean free path I relative to the atomic 
residues, in the direction opposite the current. As a result, 
the resistor is polarized, thereby consuming part of the energy 
stored in the superconducting coil. 18 ' 19 The potential energy 
of the polarization is W = EP/2, where E is the electric field, 
P = elN is the dipole moment, and e > is the elementary 
charge. The polarization potential difference on the ends of a 
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FIG. 1 . Schematic representation of the measurements of Edwards et 



resistor of length d is t/ p = Ed; the potential of the center of 
the resistor is 4> p = U p /2. 

Since the energy W consumed by the polarization of the re- 
sistor is limited to K, from the relationship U v P/2d = L^I 2 /2 
and using Eq. ([T), we get the estimate 

Lyf-d jj,oXb 2 



(2) 
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where n = N/Sd is the density of conduction electrons in a 
resistor with cross-sectional area S and length d. 

It follows from Eq. (fj) that the polarization potential <f> p is 
proportional to the square of the current and the length of the 
superconducting section of the circuit but is independent of 
the length of the resistor. 

At liquid-helium temperature, the contribution of the addi- 
tional resistance of the resistor-superconductor junction (the 
critical temperature is « 10 K) to creating a potential differ- 
ence at the ends of the resistor is negligible^ 

Provided that e(U p —IR) = 2<?(<f> p — <!>;) remains less than 
the energy gap of the superconductor (ps 3 meV), the current 
in the circuit ceases. 

The potential difference between the resistor and the screen 
measured in Edwards et a/.'s experiments is thus <J> t = <[> r — 
— <J> n , where <t> r = <t> p — <!>; is the potential of the center of the 
resistor (the point where the signal wire is connected), and <t> n 
is the potential of the grounding point of the electrometer. 
From the parameters of a brass resistor, R = 82 /i£2, 
i 0.1 cm 2 , we find its conductivity 
1 . According to the data of Ref . |20j, 



d - 
a 



14 mm, and S p 
1.6xl0 5 Q^-cm 



the density of conduction electrons in brass (Cui_ r Zn t ) 
with an atomic density of 8.65 g-cm~ 3 for x ps 0.2 is n « 
ps 9.8xl0 22 cm~ 3 . At liquid-helium temperature, the mean 
free path / = ppO /e 2 n of the conduction electrons is deter- 
mined by the quasi-momentum pp = h(37t 2 n) 1 / 3 at the Fermi 
surface. Substituting the values X ps 38 nm (for Nb and 
Pb) and I ks 10 nm (for brass) into Eq. ©, with / = 16 A 



gives <t> p ps 4 mV and <t>i ps 0.65 mV. The potential difference 
<t> t ps (J> r = 4> p - py 3.3 mV (for 4> n = 0) is comparable with 
the experimental value. 

The sign of 4> t = <I> r — <t> n must be independent of the direc- 
tion of the current in the circuit for a given electrical configu- 
ration. 

Note that, when I oc pp/n, 4> p °< X/ pp follows from Eq. ||2); 
i.e., the Fermi quasi-momentum pp of the electrons in the re- 
sistor can be determined by measuring 4> t ps <t> p . 

Thus, the superconducting-coil-resistor circuit in Edwards 
et al.'s experiments 1,2 has an electric field that is quadratic in 
current because the polarization electric field of the resistor 
predominates over the induction field. In a wellknown sense, 
Edwards et al.'s experiments supplement the experiments of 
Tolman et al. (see Ref. ull) . who measured a damped current 
in a closed circuit, caused by the motion of the conduction 
electrons due to inertia after the removal of a rotating non- 
superconducting coil. 
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